Abstract In the central nervous system, canonical transient receptor potential (TRPC) channels have been implicated in mediating neuronal excitation induced by stimulating metabotropic receptors, including group 1 metabotropic glutamate receptors (mGluRs). Lateral septal (LS) neurons express high levels of TRPC4 and group I mGluRs. However, to what extent native TRPC4-containing channels (TRPC4-cc) are activated as well as the impact of different levels of TRPC4-cc activation on neuronal excitability remain elusive. Here, we report that stimulating LS neurons with group I mGluR agonist, (S)-3,5-DHPG, causes either an immediate increase in firing rate or an initial burst followed by a pause of firing, which can be correlated with below-threshold-depolarization (BTD) or above-threshold-plateau-depolarization (ATPD), respectively, in whole-cell recordings. The early phase of BTD and the entire ATPD are completely absent in neurons from TRPC4 −/− mice. Moreover, in the same LS neurons, BTD can be converted to ATPD at more depolarized potentials or with a brief current injection, suggesting that BTD and ATPD may represent partial and full activations of TRPC4-cc, respectively. We show that coincident mGluR stimulation and depolarization is required to evoke strong TRPC4-cc current, and Na 
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In the central nervous system, canonical transient receptor potential (TRPC) channels have been implicated in mediating neuronal excitation induced by stimulating metabotropic receptors, including group 1 metabotropic glutamate receptors (mGluRs). Lateral septal (LS) neurons express high levels of TRPC4 and group I mGluRs. However, to what extent native TRPC4-containing channels (TRPC4-cc) are activated as well as the impact of different levels of TRPC4-cc activation on neuronal excitability remain elusive. Here, we report that stimulating LS neurons with group I mGluR agonist, (S)-3,5-DHPG, causes either an immediate increase in firing rate or an initial burst followed by a pause of firing, which can be correlated with below-threshold-depolarization (BTD) or above-threshold-plateau-depolarization (ATPD), respectively, in whole-cell recordings. The early phase of BTD and the entire ATPD are completely absent in neurons from TRPC4 −/− mice. Moreover, in the same LS neurons, BTD can be converted to ATPD at more depolarized potentials or with a brief current injection, suggesting that BTD and ATPD may represent partial and full activations of TRPC4-cc, respectively. We show that coincident mGluR stimulation and depolarization is required to evoke strong TRPC4-cc current, and Na According to sequence similarities, TRPC members are further classified into three subgroups: TRPC1/C4/C5, TRPC2, and TRPC3/C6/C7 [37] . Although all TRPCs are found in the central nervous system (CNS), TRPC4 and TRPC5 are more broadly distributed [8, 19] . It has been suggested that functional TRPC4 channels are either homomeric or heteromeric tetramers [1, 3, 5] and in neurons TRPC4 likely forms heteromeric channels with TRPC1, TRPC5, or both [12, 23, 34, 35] . Whereas most brain areas express comparable levels of TRPC4 and C5 [4, 8] , the lateral septal (LS) nucleus expresses much more TRPC4 than TRPC5 and other TRPC isoforms [8] . Therefore, it has been suggested that the majority of TRPC channels in these neurons are either homomeric TRPC4 or heteromeric TRPC1/C4 channels [23] , both of which we refer to as TRPC4-containing channels (TRPC4-cc) in the current study. Moreover, the majority of LS neurons are mid-sized, spiny-shaped, GABAergic neurons [10, 32] . As such, TRPC4-cc may execute relatively consistent functions across all LS neurons, making them ideal candidates to study activation mechanisms and functional implications of native TRPC4-cc in the CNS.
Numerous studies have provided evidence that TRPC channels are receptor-operated, Ca 2+ -permeable, nonselective cation channels [1, 25, 26] . In neurons from multiple brain regions, including prefrontal cortex, hippocampus, hypothalamus, entorhinal cortex, and lateral septum, TRPC4-cc and the closely related TRPC5 have been shown to be activated following stimulation of G protein-coupled receptors (GPCRs), including metabotropic glutamate receptors (mGluRs) [6, 8, 23, 24] , muscarinic acetylcholine receptors [39] , and serotonin receptors [20, 27] . Notably, two types of membrane potential changes have been described following GPCR-mediated TRPC4-cc activation in these neurons. The first exhibits a low amplitude but long-lasting depolarization [6, 8, 33] , whereas the second displays a rapid highamplitude depolarization typically containing burst firing, which is then followed by a plateau depolarization associated with few or no action potentials [23, 39] . It was, however, unclear whether the two types of membrane potential changes are mediated by the same or different channels and what mechanisms or conditions lead to the occurrence of these distinct responses.
Here, we examined TRPC4-cc activation and membrane potential responses in LS neurons from mouse brain slices by whole-cell patch clamp recording of individual neurons under multiple stimulation paradigms. We show that depending on activity levels, Ca 2+ influx and intracellular Ca 2+ dynamics, TRPC4-cc activation through mGluRs elicits two interconvertible depolarizing responses characterized by below-threshold-depolarization (BTD) and abovethreshold-plateau-depolarization (ATPD), which lead to distinct response patterns in LS neuron firing activities.
Methods

Animals and brain slice preparation
Wild-type (C57BL/6) and TRPC4 knockout (TRPC4 −/− , in C57BL/6 background) [9] mice (P21-P60, M/F) were anesthetized by isoflurane before they were sacrificed following procedures in accordance with NIH guidelines and approved by the Animal Welfare Committee of the University of Texas Health Science Center at Houston. Whole brain was excised quickly and immediately immersed into ice-cold cutting solution consisting of (in mM): 60 NaCl, 110 sucrose, 28 NaHCO 
Drug delivery
Each brain slice placed in the recording chamber (Warner Instruments) was continuously perfused with the normal aCSF unless indicated otherwise. Drugs were diluted in aCSF and applied either through whole-chamber perfusion or by pressure ejection through a drug-delivery glass pipette positioned about 5-20 μm away from the target cell upstream of the aCSF flow ( Fig. 1(A) ). The puffs were delivered by Toohey Spritzer Pressure System IIe (Toohey Company) with the trigger controlled via stimulation protocols programmed using PatchMaster software (HEKA Instruments). The puff duration was 30 ms and the air pressure ranged 5-30 psi. The recording chamber was continuously perfused with aCSF during the drug ejection.
(S )-3,5-Dihydroxyphenylglycine (DHPG), YM298198, 2-methyl-6-(phenylethynyl)pyridine hydrochloride (MPEP), and nifedipine were purchased from Abcam Biochemicals. SKF96365 and tetrodotoxin were purchased from Tocris Bioscience. 1,2-Bis(2-aminophenoxy)ethane-N ,N ,N ′,N ′-tetraacetic acid (BAPTA) was obtained from SigmaAldrich. ML204 was kindly provided by Dr. Xuechuan Hong (Wuhan University).
Electrophysiology
Glass pipettes (Sutter Instrument) were pulled using a Narishige PC-10 puller. Loose patches were made using recording pipettes with resistance of 1-3 MΩ, when filled with normal aCSF. After reaching the target cell, the positive pressure within the recording pipette was released and gentle suction applied until the seal resistance reached and stabilized between 30 and 100 MΩ, which usually took a few minutes. During this time, current was monitored for the occurrence of downward deflections, which indicate spontaneous firing. The current was continuously monitored for at least 5 min to ensure that amplitude of spike discharges was stable. After that, the pipette offset was adjusted to zero before recording initiated in voltage-clamp mode with the holding potential set at 0 mV.
Whole-cell patch clamp recordings were made using pipettes with tip resistance of 3-6 MΩ when filled with the intracellular solution containing (in mM): 130 K-methanesulfonate, 7 KCl, 0.05 EGTA, 1 Na 2 -ATP, 3 Mg-ATP, 0.05 Na 2 -GTP, and 10 HEPES, with pH adjusted to 7.3 by KOH and osmolarity of 300 mOsm. LS neurons were visualized using a ×60 water objective lens and infrared-differential interference contrastvideomicroscopy (Olympus BX51WI with OLY-150IR video camera). When not being stimulated or tested, the LS neuron was voltage clamped at −70 mV. The temperature of the recording chamber was maintained at approximately 32°C by passing the perfusion solution (aCSF) through an in-line heater (Warner Instrument) at 3 ml/min driven by a Rabbit™ peristaltic pump (Rainin Instrument).
Membrane potential (V m ) was measured in current clamp mode when current injection value was set to zero. Resting V m was defined as the median between action potential threshold and the maximum after-hyperpolarization potential for neurons that fired action potentials, and as the mean membrane potential value for neurons that were silent. Cells with resting V m values less negative than −40 mV were excluded.
Following the measurements of V m , the LS neuron was sequentially recorded using five stimulation/recording protocols. For the first three protocols, the cell was held at either −70 or −45 mV in either current or voltage clamp mode (namely CC-70, VC-70, and CC-45) while DHPG or other drugs were puffed at the preprogrammed time point. Current clamp with the initial potential of −70 mV (CC-70) allowed observation of drug-elicited membrane potential changes in the absence of spontaneous firing while that with the initial potential of −45 mV (CC-45) revealed effects of the drug on firing activity of the neuron. The voltage clamp at −70 mV (VC-70) allowed recording of drug-elicited currents. After recordings using the above three protocols, the cell was held at −80 mV in current clamp mode and was given successive 20-ms current pulse injections starting from 200 pA with a 100-pA increment until it reached 1 nA. The interval between each current pulse was 1.3 s and the ejection of DHPG was triggered at the end of each current injection (see Fig. 4(Aa) ). This protocol is named CC-80s. Finally, a VC-70s protocol was applied, in which the cell was voltage-clamped at −70 mV. A 50-ms step to −45 mV was first applied to inactivate voltage-gated Na + channels. This was followed by a step to −10 mV for 200 ms to activate voltage-gated Ca 2+ channels (VGCCs) and drug ejection was triggered at the beginning of the step to −10 mV (see Fig. 6 (Ca)). To examine the temporal relationship between DHPG application and depolarization, the drug ejection time was set to initiate at different times before and after the start of the step pulse to −10 mV and the step duration at −10 mV was also varied as indicated (see Fig. 9 ). The CC-80s and VC-70s protocols were designed to assess the effect of activation of voltage-gated Na + and/or Ca 2+ channels on the drugevoked responses. Data acquisition and analysis Data were acquired using an EPC10 amplifier operated by PatchMaster software (both from HEKA). Recordings were filtered at 3 kHz and digitized at 10 kHz. The amplitude and time-to-peak of maximal depolarization were measured at the point where the depolarization reached the first peak, excluding action potentials, following DHPG stimulation. The areaunder-the-trace was measured as the integral of individual CC-80s recording traces between the first point following current injection and the last point of the trace. Among the nine traces obtained from the CC-80s recordings, only the one with the maximal integral value was selected to represent the maximal depolarization elicited by the drug(s). With the VC70s protocol, the maximal inward current was measured as the first negative peak following repolarization to −70 mV. Firing frequency was calculated as spikes per second within the specified ranges of CC-45 recordings. All measurements were made off-line using the analysis functions of the PatchMaster software. Representative traces in figures were reproduced in Igor Pro (Wavemetrics). Student's t test was used to compare the mean values of two groups of measurements. Repeated two-way ANOVA analysis followed by Newman-Keuls post hoc tests were used to compare firing frequency changes between wild-type and TRPC4
−/− groups. Data are presented as means±SEM. Differences were considered to be statistically significant when P <0.05.
Results
Two distinct response patterns of firing activities elicited by brief pressure ejection of mGluR agonist onto LS neurons and its dependence on TRPC4
The group 1 mGluRs is coupled to G q/11 -phospholipase C (PLC) signaling pathway, which is well known to trigger TRPC channel activation [1, 25, 26] . A previous study has shown that whole-chamber perfusion of a group I mGluR agonist, either 30 μM DHPG or 30 μM 1S, 3R-ACPD, to the rat or mouse brain slice elicited repetitive membrane potential oscillations and extended depolarization lasting for about 1-5 s in the LS neurons [23] . The long-term and wholechamber application of the mGluR agonist mimics pathological conditions of excitatory neuronal death associated with wide spread network elevation of glutamate. This configuration also exposes all neuronal components in the brain slice to the drug such that the detected response does not necessarily represent the direct action of the mGluR agonist on the neuron being studied. To examine immediate, largely direct responses of single LS neurons to mGluR activation, which should resemble the physiological conditions when glutamate spillover is limited to synaptic regions of few cells, we ejected DHPG (30 μM) toward the soma of the recorded LS neuron via a nearby puff pipette ( Fig. 1(A) ). Individual LS neurons were randomly selected from all subdivisions of the LS nucleus in mouse brain slices, with a slightly higher percentage of cells from the dorsal lateral regions ( Fig. 1(B) ). With loosepatch recordings of spontaneously firing LS neurons, which should not disrupt the intracellular content, we detected two distinct patterns of firing changes in response to a brief (30 ms) pressure ejection of DHPG. About 36 % of neurons (4 out of 11) responded to DHPG with an increased firing rate without a pause ( Fig. 1(Cb) ), while the rest (64 %, 7 out of 11) displayed a long pause (0.5-2 s) before firing resumed at an increased rate ( Fig. 1(Cc) ). As a control, ejecting the buffer (aCSF) alone did not cause any change in the firing rate ( Fig. 1(Ca) ), suggesting that these neurons were not sensitive to mechanical effect of the ejection.
To examine the mechanism underlying the two distinct response patterns on excitability of LS neurons evoked by DHPG, we used whole-cell patch clamp configuration in subsequent experiments. With the solution compositions shown in "Methods," the mean resting V m of all recorded LS neurons was −56.6±0.5 mV (n =162). The cells were current clamped at either −70 mV (CC-70) or −45 mV (CC-45) while DHPG was applied by pressure ejection. With cells clamped at −45 mV, 87 % (58/67) wild-type (WT) LS neurons fired action potentials spontaneously. The remaining 13 % neurons remained silent during the 55-s recording period ( Fig. 2(D) , left). Whereas ejecting aCSF did not change V m and firing patterns of LS neurons ( Fig. 2 (Aa)), ejecting 30 μM DHPG elicited two distinct types of membrane potential responses and accompanied firing pattern changes that resembled those seen with the loose-patch recordings. Among the firing LS neurons, 31 % (18/58) showed small gradual baseline depolarization that reached the peak (4.3±0.7 mV) within 1.13±0.16 s, which then gradually declined ( Fig. 2 (Ab, F)). Accompanied with the depolarization, the firing frequency also increased ( Fig. 2(Ab) ). By contrast, the other 69 % cells responded to DHPG ejection with a short burst followed by a plateau depolarization of, on average, 40.2±1.1 mV (Fig. 2(Ac,d, F) ). During the plateau depolarization, there was a momentary pause of firing, which was then followed by robust firing for a short period of time ( Fig. 2(Ac,d) ). The plateau depolarization matches approximately the pause duration measured with the loose patch and explains the baseline deflection detected in such recordings (e.g., see Fig. 1 (Cc)). Evidently, the plateau depolarization was strong enough to inactivate voltage-gated Na + channels, suppressing the generation of action potentials. It is interesting to note that this firing pattern also occurred spontaneously without any experimental stimulation in about 3 % (5 out of 162 recorded) LS neurons recorded under wholecell conditions (see Fig. 2 (B) for an example), suggesting that the response to DHPG ejection resembles, to some extent, naturally occurring physiological activity of LS neurons.
Therefore, results from the whole-cell recordings faithfully reproduced those obtained from loose patches and suggested that the difference in the level of membrane depolarization underlay the two distinct response patterns of LS neuron firing in response to DHPG ejection.
Remarkably, in brain slices prepared from TRPC4 −/− mice, LS neurons exhibited a totally different response pattern to DHPG ejection as compared to WT. Although DHPG ejection also evoked depolarization in TRPC4 −/− LS neurons, the depolarization amplitude was small and it occurred very slowly ( Fig. 2 (C, F, G)). During the first 2 s immediately after DHPG ejection, WT neurons either exhibited a progressive increase in firing frequency ( Fig. 2 (Ab, H)) or burst firing followed by plateau depolarization with pause of firing ( Fig. 2 (Ac,d)). By contrast, the firing frequency of TRPC4 −/− LS neurons either remained unchanged (four out of nine neurons) or showed an obvious decrease (five out of nine, similar to the example in Fig. 2 (C)) during the same time period ( Fig. 2(H) ). The firing frequency of TRPC4 −/− LS neurons only increased at a much later time, which correlated with the slow time course of depolarization in these neurons ( Fig. 2(C, G) ). These data suggest that both the early phase of small depolarization and the entire plateau depolarization, as well as the accompanied firing pattern changes, required the presence of TRPC4. This raised the possibility that TRPC4-cc might mediate two distinct types of depolarization responses to mGluR stimulation, with different outcomes on LS neuron excitability. As shown in Fig. 2 (E), the levels of membrane depolarization elicited by DHPG are clearly segregated between the two groups of WT LS neurons, as if a "threshold" is present for the occurrence of plateau depolarization. In order to better distinguish these two types of depolarizing responses, we categorized the small depolarization as BTD and the large plateau depolarization as ATPD. BTD is accompanied with an increase in firing frequency whereas ATPD causes a pause of firing for 1.9±0.3 s despite the initial burst and the subsequent high frequency firing. As shown in Fig. 2 −/− LS neuron elicited an initial decrease, followed by an increase in firing rate. D, Left, proportions of silent and firing TRPC4 +/+ LS neurons held at −45 mV. Right, scattered distributions and mean±SEM values of DHPG-evoked membrane depolarization of silent (n =9) and firing LS neurons (n =58). E, Distribution of peak depolarization amplitude evoked by DHPG ejection at CC-45 for TRPC4 +/+ neurons. Note the bimodal segregation of BTD and ATPD. F, G, Average (mean±SEM) peak depolarization amplitudes (F) and time-topeak values (G) of BTD (n =18) and ATPD (n =49) for TRPC4
+/+ and all TRPC4 −/− LS neurons (n =9). **P <0.01, compared to BTD. H, Average firing frequency 1 s before and 1 and 2 s after DHPG ejection onto BTD TRPC4 +/+ and all TRPC4 −/− LS neurons. *P <0.05, **P <0.01, compared to BTD at −1 s; ##, ++ P <0.01, compared to BTD at 1 and 2 s, respectively TRPC4 −/− LS neurons, the BTD neurons reached the peak much faster than TRPC4 −/− ones.
BTD and ATPD evoked by ejecting mGluR agonist onto non-firing LS neurons
As can be seen from Fig. 2(D) , although 13 % (9/67) WT LS neurons did not fire action potentials at CC-45, the mean amplitude of depolarization evoked by DHPG ejection of these non-firing neurons was similar to that of firing neurons. Interestingly, the two neurons that showed small depolarization (BTD) were clearly segregated from those that exhibited strong depolarization (ATPD). The percentage of ATPD neurons for the non-firing cells (~78 %) was comparable to that of firing ones (~69 %), indicating that spontaneous firing was not essential for the induction of ATPD.
To gain further insights of DHPG-induced depolarization under non-firing conditions, all LS neurons were also recorded when being current clamped at −70 mV (CC-70). Again, ejecting aCSF barely caused any membrane potential change ( Fig. 3(Aa) ), while 30 μM DHPG caused two distinct types of depolarization ( Fig. 3 (Ab, Ac)), which were clearly segregated in the amplitude distribution histogram (Fig. 3(C) ). BTD (41/76, 54 %) was characterized by a small but longlasting depolarization averaging 4.8±0.5 mV at the first peak ( Fig. 3(Ab, C, D) ), while ATPD exhibited a strong plateau depolarization averaging 55.2 ± 1.8 mV, which typically contained an initial fast rise to positive potentials with burst firing, followed by a plateau depolarization with or without associated action potentials (Fig. 3(Ac, Ad, C, D) ).
Similar to the results of CC-45, at CC-70, LS neurons from TRPC4 −/− mice only showed small depolarization that had similar mean amplitude as WT BTD, but with longer timeto-peak period (Fig. 3(B, D, E) ). TRPC4 −/− LS neurons never showed ATPD in response DHPG ejection. The complete absence of ATPD in TRPC4 −/− LS neurons provides strong evidence that TRPC4-cc is required for the plateau depolarization evoked by pressure ejection of 30 μM DHPG onto the somata of WT LS neurons. The significant difference in the rate of reaching the first peak of depolarization between TRPC4 −/− and WT BTD neurons suggests that TRPC4-cc also contributes to the initial depolarization evoked by the mGluR agonist in the BTD neurons, but a TRPC4-independent mechanism(s) is also present for the slower and moderate depolarization elicited by DHPG in the LS neurons.
Compared to the CC-45 recording, a lower percentage of cells responded to DHPG stimulation with ATPD (46 %) and the time-to-peak period of BTD appeared longer at CC-70. These results indicate that at potentials more negative than V m , less LS neurons can respond to DHPG ejection onto the somata with ATPD, but the general response patterns are similar to cells held at −45 mV. −/− mouse stimulated by DHPG ejection. C, Distribution of peak depolarization amplitudes evoked by DHPG ejection in TRPC4 +/+ LS neurons. Note the bimodal segregation of BTD and ATPD amplitudes. D, E, Average (mean±SEM) peak depolarization amplitudes (D) and time-to-peak values (E ) of BTD (n =41) and ATPD (n =35) for TRPC4 +/+ neurons and all TRPC4 −/− neurons (n =9). **P <0.01, compared to BTD Effect of current injection on mGluR-mediated TRPC4-cc activation It was previously shown in sharp electrode intracellular recordings that brief depolarizing current injection immediately evoked prolonged TRPC1/C4-mediated plateau depolarization in LS neurons continuously perfused with 1S, 3R-ACPD or DHPG [23] . Therefore, we tested the extent to which current injection could facilitate the membrane potential response induced by ejection of DHPG onto LS neurons. Cells were current-clamped at −80 mV. A series of nine episodes of brief (20 ms) injections of increasing positive charge at 100-pA increments were applied immediately preceding the pressure ejection of DHPG, and membrane potential changes were recorded for 1.3 s during each episode (Fig. 4(Aa) , designated as CC-80s protocol). In the absence of drug ejection or with the ejection of aCSF onto the somata of LS neurons, current injections caused depolarization and burst firing that were restricted to the time period of the injection pulse (Fig. 4(Ab) ).
However, ejecting 30 μM DHPG immediately following the current injection evoked ATPD of variable durations long after the ejection had stopped in 83 % (62/75) of WT LS neurons (Fig. 4(Ac, D) ). Notably, not every current step elicited ATPD in the same neuron and the size of ATPD (measured by area under the trace) was highly variable among different steps in the same neuron. The maximal ATPD could occur at any step of the series (Fig. 4(Ac inset)) . Therefore, the size of ATPD was correlated with neither the amount of injected current nor the number of repetitive DHPG ejections, suggesting that both the induction and maintenance of ATPD were highly dynamic. Interestingly, in six ATPD neurons, plateau depolarization did not develop immediately after DHPG ejection but appeared after the membrane potential had completely recovered from the injection-elicited depolarization. This type of response, which we referred to as delayed-PD (Fig. 4(Ae) ), further supports the highly dynamic nature of ATPD induction and also suggests that ATPD is not a direct consequence of current injection. Also notable was that the amplitude of +/+ neurons recorded with the CC-80s protocol and with DHPG (ATPD: n =62, BTD: n =10,) or aCSF (n =7) ejection and for TRPC4 −/− neurons with DHPG ejection (n =9). **P <0.01, compared to ATPD; ## P <0.01, compared to BTD ATPD (in terms of mV depolarized from −80 mV) remained constant once it reached the maximum, indicative of an all-ornone response (Fig. 4(Ac) ).
Besides the 83 % of neurons that responded with ATPD to at least one of the injection steps, 13 % (10/75) neurons showed obvious depolarizing response that extended briefly beyond the end of the injection pulse but did not reach a plateau (Fig. 4(Ad, D) ). In line with the above classification, we designated these responses as BTD at CC-80s. Different from the CC-45 and CC-70 protocols, the maximal depolarization amplitudes of individual neurons were not segregated between BTD and ATPD at CC-80s (Fig. 4(C) ). The majority of the neurons that had ATPD also displayed BTD in steps either before or after those that showed ATPD (for example, see Fig. 4 (Ac)), indicating that BTD represents partial activation while ATPD represents full activation of ion channels that underlie mGluR agonist-evoked depolarization. Finally, the remaining three WT LS neurons (4 %, 3/75) failed to respond to DHPG with either ATPD or BTD under the CC-80s protocol (Fig. 4(D) ). Importantly, neither ATPD nor BTD was evoked in LS neurons from TRPC4 −/− mice (Fig. 4(B) ).
Quantification of area under the trace revealed that the overall depolarization in response to current injection and DHPG ejection in LS neurons from TRPC4 −/− mice was not different from that of WT neurons with current injection and aCSF ejection; however, it was significantly lower than that of WT neurons showing ATPD or BTD in response to current injection and DHPG ejection (Fig. 4(E) ). These results again confirm that both ATPD and BTD are dependent on the expression of TRPC4. Since the responses of ATPD and BTD at CC80s in WT neurons are clearly distinguishable from that of TRPC4 −/− LS neurons, results from this protocol were used for quantification in the following mechanistic studies.
Transformation between BTD and ATPD neurons under different recording conditions
Because the majority of LS neurons reported above were recorded using all three current clamp protocols, we were able to compare the responses of the same neuron to DHPG ejection under these different recording conditions. As indicated above, the percentage of WT LS neurons that displayed ATPD increased from about 46 % with CC-70 to 70 % with CC-45 (for both firing and non-firing cells), and 83 % with the CC80s protocol. This indicates that some neurons showing BTD in CC-70 must have acquired ATPD under the other two protocols. To reveal the transformation between BTD and ATPD in individual LS neurons, we plotted the maximal depolarization elicited by DHPG ejection for each neuron under all three conditions (Fig. 5(A, B) ). Interestingly, in all BTD neurons at CC-70, 65 % (26/40 tested) transformed to ATPD (ΔmV >20 mV) at CC-45 and 85 % (34/40 tested) became ATPD (ΔmV >30 mV) at CC-80s (Fig. 5(A, C) ).
Conversely, only a small percentage of the ATPD neurons at CC-70 transformed to BTD under CC-45 (15 %, 4/27 tested) and CC-80s (20 %, 7/35 tested) conditions (Fig. 5(B, C) ). Thus, >50 % of cells that showed ATPD at CC-45 (26/49) and CC-80s (34/62) were from BTD neurons at CC-70 and these cells were indistinguishable from those that were originally ATPD neurons at CC-70 in terms of the maximal depolarization elicited by DHPG ejection at CC-45 and CC-80s (Fig. 5(D) ). These results demonstrate that the BTD neurons at CC-70 were capable of generating ATPD just like the ATPD neurons at CC-70, but they required either more depolarized V m or co-incident current injection, which activates voltage-gated Na + and Ca 2+ channels. The positive correlations of ATPD amplitudes between CC-45 and CC-80s for individual BTD neurons at CC-70 ( Fig. 5(E) ) and among all three stimulation paradigms for individual ATPD neurons at CC-70 ( Fig. 5(F) ) suggest that the ion channel mechanism that underlies ATPD must be similar among all three stimulation paradigms and the BTD represents responses that fail to reach the threshold for plateau depolarization. Since ATPD is more likely to occur at CC-45 and CC80s than at CC-70, other factors, in addition to activation of mGluRs, must be important for the induction of ATPD. Altogether, the above results revealed that BTD and ATPD are two interconvertible responses of LS neurons to DHPG stimulation, which involve both group 1 mGluRs and TRPC4-cc and reflect different levels of TRPC4-cc activation.
Ionic current induced by ejection of DHPG onto LS neurons
A selected number of LS neurons were also studied by whole-cell voltage clamp recordings. Cells were voltageclamped at −70 mV and DHPG (30 μM) was puffed towards the somata without or with a 200-ms voltage step to −10 mV coinciding with the beginning of the drug ejection. In the absence of the voltage step (VC-70), ejecting aCSF did not affect the basal current ( Fig. 6(Aa) ), but ejecting DHPG elicited two types of responses in WT LS neurons: a small long-lasting inward current (Fig. 6(Ab) ) or a large but transient inward current (Fig. 6(Ac, d) ). LS neurons from TRPC4 −/− mice, however, only showed small and slowly developing inward currents in response to DHPG (Fig. 6(B) ). The time to peak for the current in TRPC4 −/− LS neurons (7.1±1.6 s, n =8) was about twice that of WT neurons that showed small long-lasting current (3.7±0.5 s, n =36, P =0.014 vs TRPC4
−/−
). These results suggest that the major component of the inward current seen in the WT LS neurons, especially those that showed large transient current, was mediated by TRPC4-cc. However, DHPG also activated other channels, which gave rise to the small inward currents seen in TRPC4 −/− LS neurons.
With the concurrent voltage step (−10 mV, 200 ms, with a 50-ms prepulse to −45 mV to inactivate voltage-gated Na + channels, VC-70s, Fig. 6 (Ca)), DHPG ejection evoked a robust response in nearly all WT LS neurons (33/35 tested), which was seen as a large tail current upon returning to −70 mV (Fig. 6(Cb) ). The response was not seen without DHPG ejection and was completely absent in TRPC4 −/− LS neurons ( Fig. 6(D) ). No matter if the WT LS neurons had small or large currents under the VC-70 protocol, the maximal currents obtained from the neurons using the VC-70s protocol were similar (Fig. 6E ). Compared to VC-70, the distribution of current amplitudes obtained using the VC-70s protocol was shifted markedly to the right (Fig. 6(F) ). These results demonstrate a strong enhancing effect of the step depolarization on DHPG-evoked TRPC4-cc activation in LS neurons, probably through Ca 2+ entry mediated by VGCCs (see later). Correlation analyses between VC-70 and CC-70 revealed that BTD neurons at CC-70 only developed small long-lasting current at VC-70. By contrast, the large transient current only developed in a subset of neurons that had ATPD at CC-70 ( Fig. 6(G), exponential fit) . The rest of the ATPD neurons only showed small long-lasting inward current (Fig. 6(G) , linear fit), implying that the voltage clamp at −70 mV is even more suboptimal for activation of TRPC4-cc than current clamp at −70 mV. A major difference between the VC-70 and CC-70 protocols is that the current clamp mode allowed membrane depolarization in response to TRP channel activation, which on top of the Ca 2+ influx mediated by the TRP channels could trigger additional Ca 2+ entry through VGCCs. However, the activation of VGCCs was dependent on whether the initial depolarization elicited by TRPC4-cc activation could reach the threshold for the generation of action potentials, i.e., that of voltage-gated Na + channels. The above results, thus, can be interpreted as that the BTD neurons at CC-70 never reached the threshold for VGCC activation and a subset of the ATPD neurons generated the plateau depolarization at CC-70 with the facilitation by VGCCs but could not sustain a strong TRPC4-cc activity at VC-70 in the absence of VGCC activation. These neurons, therefore, only developed the small sustained currents at VC-70. The remaining neurons at VC-70 probably had a strong initial activity that supported sufficient Ca 2+ entry through the activated TRPC4-cc to allow for a positive feedback loop to cause the large transient currents. Consistent with the above interpretation, the depolarizing step in the VC-70s protocol allowed for development of the large transient currents in all tested neurons (Fig. 6(G) ). The role of postsynaptic group I mGluRs in DHPG-evoked ATPD in LS neurons Postsynaptic group I mGluRs, including mGluR1 and mGluR5, are the most likely targets of DHPG for coupling to TRPC4-cc activation to induce ATPD in LS neurons. To confirm the involvement of mGluR1 and mGluR5, we included 30 μM YM298198, a mGluR1-specific antagonist, and 10 μM MPEP, a mGluR5-specific antagonist, in the ejection solution with DHPG. These drugs nearly completely abolished ATPD (Fig. 7(A, B) ).
The above experiments had used 30 μM DHPG because it successfully induced ATPD in the majority of LS neurons. To determine the concentration dependence, we also tested a range of DHPG concentrations from 1 to 200 μM using the CC-80s protocol. Ejecting 1 μM DHPG failed to evoke either ATPD or BTD in WT LS neurons. Ejecting 5 μM DHPG only evoked BTD in 40 % of tested LS neurons. At 10 μM or higher concentrations, DHPG evoked both ATPD and BTD in LS neurons and the BTD/ ATPD ratio stabilized between 30 and 200 μM DHPG (Fig. 7(C) ). Calculating the area under the trace for all evoked responses using the CC-80s protocol revealed an EC 50 of 9.0 μM for DHPG-evoked responses in WT LS neurons (Fig. 7(D) ).
Recordings of neurons from TRPC4 −/− mice provided direct evidence that DHPG-evoked ATPD in LS neurons was dependent on TRPC4. Consistent with this conclusion, inclusion of the nonselective cation channel blocker, SKF96365, and the recently described TRPC4/C5 blocker, ML204 [17] , in the injection solution with DHPG, significantly supressed the induction of ATPD (data not shown). +/+ neurons, grouped according to the response at VC-70 as either small, long-lasting or large, transient current. For VC-70s, the amplitude was measured at the peak of tail current after returning to −70 mV. Note the marked difference between small (n =22) and large current (n =32) by the VC-70 recordings; however, with the VC-70s protocol, similar peak amplitudes were obtained no matter if the neurons had small (n =20) or large (n =15) current at VC-70. **P <0.01, compared to small current group at VC-70. F, Distribution of peak current amplitudes evoked at VC-70 and VC-70s for TRPC4 +/+ neurons. Note the right shift for VC-70s. G , Correlation between DHPG-evoked inward currents and membrane depolarization at −70 mV. Note neurons that displayed BTD (circled area) at CC-70 only developed small current at VC-70, but large inward currents were evoked at VC-70s regardless whether the neurons showed BTD or ATPD (oval area) at Besides activating the targeted LS neurons, DHPG ejection might also excite adjacent cells to release undefined neurotransmitters that promoted ATPD in the recorded neurons. To test whether activity-dependent release of extrinsic signals from surrounding neurons contributes to the DHPG effects, we pretreated the brain slice with 1 μM TTX in aCSF and also included 1 μM TTX in the ejection solution together with 30 μM DHPG. As shown in Fig. 8(A) and summarized in Fig. 8(G) , TTX successfully blocked the generation of action potentials, but did not significantly impair the induction of ATPD by DHPG. Altogether, these results suggest that postsynaptic group I mGluRs are responsible for triggering TRPC4-cc activation in LS neurons in response to DHPG, and TTX-sensitive Na + channels are not absolutely required for TRPC4-cc-mediated ATPD.
Contributions of Na + and Ca 2+ influx and intracellular Ca 2+ dynamics to the induction of ATPD The finding that current injection facilitated the development of ATPD in response to stimulation of mGluRs suggested that either the more depolarized membrane potential or the activation of voltage-gated Na + and/or Ca 2+ channels enhanced the activation of TRPC4-cc. Previous studies have demonstrated the importance of intracellular Ca 2+ on the activation of TRPC4 and TRPC5 [2, 13, 31] as well as the contribution of Ca 2+ influx through VGCCs on TRPC5-like currents in neurons [38, 39] . However, it was not known to what extent the Na + influx, through either voltage-gated Na + channels or TRPC4-cc, contributed to the activation of TRPC4-cc in neurons. We therefore examined the requirement on Na + and Ca 2+ influx of ATPD induction by DHPG in LS neurons. First, we excluded the requirement of TTX-sensitive Na + channels by showing that ATPD was successfully induced by DHPG in the presence of 1 μM TTX under all three stimulation paradigms ( Fig. 8(A, G) ). We then recorded LS neurons in a choline-Cl aCSF (NaCl was substituted with choline-Cl, with the Na + concentration reduced to~27 mM) and showed that only BTD was successfully evoked (Fig. 8(B) ). Therefore, Na + influx via the TRPC4-cc is critical for the induction of ATPD, meaning that without sufficient Na + influx, Ca 2+ influx through TRPC4-cc, and even with participation of VGCCs (CC-80s protocol), is unable to induce ATPD. Next, we recorded LS neurons in a nominally Ca 2+ -free aCSF. Perfusion of the brain slice with the nominally Ca 2+ -free aCSF caused large fluctuations of the membrane potential and firing of LS neurons held at −70 mV (data not shown). To remove the Na + spikes, we included 1 μM TTX in the nominally Ca 2+ -free aCSF. Notably, when using the CC-70 and CC-45 protocols, ejecting DHPG under this condition evoked membrane depolarization that shared similar kinetic properties as BTD but with a higher degree of depolarization than BTD (Fig. 8(C) ). However, no ATPD was induced with the use of CC-80s protocol in the nominally Ca 2+ -free aCSF (Fig. 8(C, G) ). Thus, the enhanced depolarization at CC-70 and CC-45 could represent a disinhibition during BTD of TRPC4-cc at the reduced extracellular Ca 2+ level, which occurs under conditions when TRPC4 is weakly activated but not when it is strongly activated (D.P.T and M.X.Z, unpublished observation). The induction of ATPD is still dependent on Ca 2+ influx. To test the involvement of VGCCs, we included an L-type VGCC blocker, nifedipine (30 μM), in the ejection solution and detected a significant inhibition of DHPG-induced ATPD in LS neurons (Fig. 8(D, G) ). The inhibition by nifedipine was highly variable, which could be attributed to differences in the subtypes of VGCCs present in individual LS neurons.
To test the role of intracellular Ca 2+ on the induction of ATPD, we used 10 mM BAPTA, a fast Ca 2+ chelator, instead of 0.05 mM EGTA to buffer Ca 2+ in the internal solution. In the first set of experiments, the pipette solution contained 10 mM BAPTA with no added Ca 2+ (free [Ca 2+ ] <10 nM). Interestingly, most tested LS neurons displayed burst firing at CC-45, but no ATPD was induced by ejecting DHPG under all recording conditions (Fig. 8(E) ). In the second set of experiments, the pipette solution contained 10 mM BAPTA and 7.24 mM CaCl 2 (free [Ca 2+ ]~600 nM) in order to provide an elevated intracellular [Ca 2+ ] but not allow it to change in response to stimuli. With this pipette solution, DHPG ejection also failed to induce ATPD under all three protocols (Fig. 8(F) ). Quantifications of ATPD under the CC-80s conditions for all manipulations described above revealed that the induction of ATPD was strongly compromised by the removal of Na + or Ca 2+ from the extracellular solution or inhibition of Ca 2+ dynamics from the cytoplasmic side ( Fig. 8(G) ). Taken together, our data demonstrate that influx of both Na + and Ca
2+
, along with dynamic changes in intracellular Ca 2+ (not simply an elevated intracellular Ca 2+ level per se), are necessary for the induction of ATPD by the mGluR agonist in LS neurons.
Temporal relationship between mGluR stimulation and VGCC activation for strong activation of TRPC4-cc
The above conclusions were confirmed in voltage clamp experiments using the VC-70s protocol (data not shown). Although the Na + and Ca 2+ requirement for the "inward aftercurrent" in rat lateral septal neurons in response to depolarization steps during the whole-chamber perfusion of 1S, 3R-ACPD has been demonstrated previously [28] , we showed that, supporting the conclusion from the current clamp experiments, intracellular Ca 2+ dynamics were critical for the development of the large TRPC4-cc current. With intracellular dialysis of 10 mM BAPTA to prevent Ca 2+ fluctuations, the VC-70s protocol failed to elite any discernible TRPC4-cc-like current no matter if the free [Ca 2+ ] was maintained at a very low level (<10 nM) or at an elevated level (600 nM) (Fig. 9(A, B) ). ] i~6 00 nM) but prevent it from fluctuating (F). Note, ATPD was still induced in the presence of TTX, which eliminated all action potentials, but was blocked under all other conditions. Arrows and scale bars are the same as in Fig. 7(A) . G, Summary (mean±SEM) of DHPGevoked depolarization at CC-80s under conditions shown in A-F. Quantification was as in Fig. 7(B) ; the numbers of neurons recorded are shown in parentheses. *P <0.05, **P <0.01, compared to control (normal aCSF and ejection with DHPG alone, the same data as used in Fig. 7(B) ) Because both mGluR stimulation and intracellular Ca 2+ dynamics are required for the strong activation of TRPC4-cc, we explored the temporal relationship between these two processes using the VC-70s protocol, but with varying time intervals (Δt) between DHPG ejection and the −10 mV depolarization step, as well as varying step durations. We found that ejecting DHPG (always at 30 μM for 30 ms) at the beginning of the 200-ms step to −10 mV gave the most robust response (Fig. 9(C-E) , traces for Δt =0). When DHPG was ejected at the end of the 200-ms step, no TRPC4-cc current was detected ( Fig. 9(D, E) , traces for Δt =200). Ejecting DHPG 50 ms before the start of the 200-ms step to −10 mV did not compromise the development of the TRPC4-cc current (Fig. 9(D, E) , Δt =−50 trace), but further extending the interval to −150 and −300 ms decreased the current, with the −300-ms interval becoming ineffective in inducing the TRPC4-cc current (Fig. 9(D, E) , traces for Δt =−150, Δt =−300). The step duration at −10 mV also affected the current. While shorter steps (50 and 100 ms) were less effective at inducing the large TRPC4-cc current than the 200-ms step, a longer step (300 ms) also yielded smaller current than the 200-ms step (Fig. 9(F) ), probably because the extended 100 ms depolarization masked a large portion of the TRPC4-cc current. These results indicate that not only is the timing between mGluR stimulation and VGCC activation critical but also the duration of VGCC activation is important for the induction of the strong TRPC4-cc current. . For clarity, current responses during voltage steps were omitted. Records in C and D were from the same cell. Scale bars: 50 ms, 200 pA. E, Summary data of tail current amplitudes normalized to that of Δt =0, for conditions shown in C and D. n =3-5, **P <0.01, compared to Δt =0 by paired t test. F, Similar to E with Δt =0, but varying step durations to −10 mV were used. Summary data of tail current amplitudes normalized to that of the 200-ms step. n =3-5, *P <0.05, **P <0.01, compared to 200 ms by paired t test
Discussion
The foregoing data demonstrate two distinct effects of TRPC4-cc activation in LS neurons, dependent on the relative degree of channel activity. The BTD represents weak whereas ATPD reflects strong activation of TRPC4-cc by the mGluR agonist. Studies in heterologous systems have revealed the intricate dependence of TRPC4 and C5 activation on intracellular Ca 2+ , in addition to PLC stimulation [21, 31] influx from extracellular space. The internal Ca 2+ store release, which is a necessary component of the G q/11 -PLC pathway activated by the group 1 mGluRs, appears to be insufficient to trigger ATPD, as no ATPD was detected in the nominally Ca 2+ -free aCSF. Ca 2+ influx can be mediated by the activated TRPC4-cc and/or VGCCs. In the current clamp mode, it is hard to separate these two pathways, since the initial influx may be mediated by the moderately activated TRPC4-cc, but once the depolarization reaches the firing threshold, VGCCs should bring in a bolus of Ca 2+ , causing a strong potentiation of TRPC4-cc. This explains why current injection greatly facilitated ATPD induction. Under normal conditions, the threshold of voltage-gated Na + channels should be an important factor irrespective of whether it was reached due to TRPC4-cc mediated depolarization or current injection. This threshold, however, mainly serves to trigger subsequent activation of VGCCs, through which the Ca 2+ influx reaches the Ca 2+ threshold critical for ATPD induction. Therefore, the Na + channels are not absolutely required as ATPD was inducible in the presence of TTX.
Our data also suggest that just having action potentials coincident with DHPG application may not be sufficient for ATPD induction, as BTD was detected in some firing neurons at CC-45 and in some injection steps at CC-80s when action potential was elicited. Under voltage-clamped conditions, a step depolarization to −10 mV for 200 ms appeared to be optimal for inducing the strong TRPC4-cc current, suggesting that extended VGCC activation may be necessary for reaching the Ca 2+ threshold of ATPD induction. However, we do not exclude the possibility that TRPC4-cc activation could also be enhanced by the depolarization-induced change of mGluRs to a high affinity ligand-binding state [11] . Indeed, the occurrence of ATPD depended on the concentration of DHPG.
The requirement for VGCCs may also be optional given that large transient currents were induced by DHPG in some LS neurons held at −70 mV (VC-70 protocol). This can be interpreted in two ways: one would be the uneven membrane voltages across the cells because of the space clamp issue such that VGCC activities still existed in some regions of the responding cells; the second would be that the TRPC4-cc densities were high enough in the responding cells so that the Ca 2+ -independent activation, equivalent to the condition of BTD, could bring in enough Ca 2+ through the activated TRPC4-cc to reach the Ca 2+ threshold for positive feedback potentiation. The latter interpretation is consistent with the fact that large inward currents are commonly detected in heterologous cells that overexpress TRPC4 but without any VGCC activity, indicating that TRPC4 expression alone can support strong activation, especially when expressed at high levels. Nonetheless, VGCC activation strongly facilitated this Ca 2+ -dependent mode of TRPC4-cc activation, as seen with a depolarizing step at VC-70s. Intriguingly, TRPC4-cc activation was still facilitated by the depolarization step initiated 150 ms after the application of DHPG (or 120 ms after the end of the 30 ms ejection) but not that initiated 200 ms before mGluR stimulation, suggesting an important temporal relationship between mGluR stimulation and VGCC activation (or Ca 2+ signal). It appears that the Ca 2+ signal needs to either coincide with or arise shortly after the mGluR stimulation, at least under voltage-clamped conditions.
We found a complete absence of ATPD in TRPC4 −/− LS neurons in response to DHPG, suggesting that ATPD is absolutely dependent on TRPC4-cc. The BTD is not as clean and probably contains responses from non-TRPC4 channels. However, given the much slower time-to-peak response found in TRPC4 −/− neurons than WT BTD neurons, the initial phase of BTD (at CC-70 and CC-45) should reflect primarily the activity of TRPC4-cc. This is consistent with the finding that no BTD-like response was detected in TRPC4 −/− LS neurons using CC-80s, which was designed to record shorter term responses than the other two protocols. Importantly, BTD and ATPD are interconvertible in individual LS neurons. The switch from BTD to ATPD was clearly facilitated by membrane depolarization, e.g., from the holding potential of −70 to −45 mV or by positive current injection with the holding at −80 mV. As discussed above, this facilitation was most likely mediated by the opening of VGCCs, which helps reach the Ca 2+ threshold for positive feedback potentiation of TRPC4 function, a notion supported by the finding that chelating intracellular Ca 2+ with BAPTA completely abolished ATPD induction. Interestingly, maintaining a steady-state high intracellular free [Ca 2+ ] (~600 nM) but preventing it from fluctuating with 10 mM BAPTA also did not allow ATPD, suggesting the importance of dynamic changes of cytosolic Ca 2+ for ATPD induction. On the other hand, the reason for the relatively rare switch from ATPD at CC-70 to BTD at CC-45 or CC-80s is unclear. Possibilities include inhibition of TRPC4-cc by higher [Ca 2+ ] and channel desensitization.
It has been suggested that TRPC4, and TRPC5, together with TRPC1, underlie afterdepolarization or plateau potentials following GPCR stimulation in neurons. In order to generate plateau depolarization, concurrent application of either highfrequency electrical stimulation to the afferent inputs or current injection to the target neuron is typically implemented in addition to stimulation by a GPCR agonist [6-8, 18, 36, 39] . Occasionally, plateau depolarization has been induced with an mGluR agonist alone, delivered via whole-chamber perfusion [23] . Here, we demonstrate that a brief pressure ejection of DHPG alone onto somata of single LS neurons can induce burst firing and plateau depolarization, albeit at a lower efficiency than with current injection. Intriguingly,~3 % (5/ 162) of LS neurons spontaneously displayed similar burst firing and plateau depolarization under our whole-cell conditions. Previous study using intracellular recordings revealed about 15 % of "burster" rat dorsolateral septal neurons, which exhibited burst firing at membrane potentials from −50 to −60 mV [10, 14] . The lower frequency in our observation may be due to the greater disturbance of the cytoplasm in the whole cell mode than in the sharp electrode recording configuration and/or the relatively short time period (~7 s) of recording of spontaneous activities for each neuron. Notably, bursting LS neurons often display rhythmicity in the theta range, i.e., 3-12 Hz, with the burst appearing at the peak of each cycle [10] . Therefore, burst firing may account for the generation of theta rhythm, one of the important functions of the septal nuclei.
The impact of BTD and ATPD on LS neuron firing is worth noting. While BTD increased firing frequency, ATPD caused, typically, immediate bursting followed by a pause of firing that lasted for variable durations. This bimodal modulation of LS neuron excitability by a brief stimulation of group 1 mGluRs was evident in both whole-cell and loose-patch configurations, demonstrating that the results obtained from whole-cell recordings faithfully represented natural responses of these neurons to TRPC4-cc activation. Thus, the group 1 mGluR-mediated TRPC4-cc activation can either be purely excitatory or both excitatory and inhibitory with complex response patterns depending on the relative degree of channel activity. Like other nonselective cation channels, TRPC channel activations are frequently linked to excitation. The demonstration that TRPC4-cc activation can also stop LS neurons from firing, likely by strongly depolarizing the membrane to inactivate voltage-gated Na + channels, indicates that TRPC channels can respond to metabotropic signaling with complex outcomes on neuronal excitability, including inhibition. This dual regulation implicates a strong impact of the GPCR-TRPC pathway in neuronal functions.
The lateral septum is traditionally thought to be a simple relay center in the CNS. Recent studies suggest that it actively processes as well as relays information [10, 32] . LS neurons receive synaptic inputs and send out processed information to broad brain areas [10, 29, 30, 32] . Excitatory synaptic inputs from the prefrontal cortex and hippocampus may activate TRPC4-cc through mGluRs and other GPCRs expressed on LS neurons. Then, depending on the degree of TRPC4-cc activation, these inputs may either excite or inhibit LS neurons, conveying information for important brain functions such as motivation, anxiety, and depression, which are known to be modulated by the lateral septum [32] .
